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J. D. Bernal has stated recently, "Questions of origin
have a loglc of their own" (1). The special loglc of
questions of origin applies to, and was applied by Bernal
to, methods of answering those questions. When those
questions are answered, one should anticipate that the
answers must not have an existence of thelr own, but should
ultimately fit into a conceptual continuum. When the
questions concern the origin of protein, or of other
biochemical systems, the continuum must span preblologilcal
molecular evolution and Darwinlan organismic evolutilon
unless one assume & discontinuity between pre-life and life.
Theoretical constructions which do not comport with
pertinent parts of such a contimuum can hardly be valild
models. For instance, the validity of any simulated
primitive synthesis of amino acids should be evaluated by
the ease with which the process can be reconciled with the

necessary subsequent step of condensation polymerlzation.
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Experiments which have been performed in the context of
the origin of life, or of the origin of protein, have several
relationships to the subject matter of this conference.

These relationships involve a) the background of knowledge

of evolution of protein molecules in organisms, which provides
clues to the conceptual origin of protein2 (7), b) the
employment of knowledge of the properties of contemporary
protein as a test of the validity‘of experimental models.of
primitive protein, and c) qonceptual answers to some of the
problems of primordial Protein. The first proteln was of
course the starting point for evolving proteins. The
original protein may well have been closely related to the
starting point of gene-controlled enzymes and of polymerases,
One purpose of this paper will be to suggest the relationship
of earliest protein to the protocell. Both proteins and
genes may have recquired the simultancous evolution of the
cell (cf. 28).

Studiles in our laboratory of the organismic evolution of
proteins began with consideratlions of applying sequential and
terminal rcsidue methods to tracing evolutlon of primary
structure of protein molecules (5,7,15,43). Porter and Sanger
were the first to provide information for such possibilities
(39). Some of the concepts which emerged from these studies
in our laboratory were: a Darwinian explanation of micro-

heterogeneity (6) of protein preparations (again recently shown
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not to be entirely explainable as artifacts (4), demonstration
that the evolution of protein has proceeded to yield only a
minute fraction of the theoretical possibilities (7), an
explanation of the similarities betwcen protein molecules (7,15)
as related to slow stepwise substitution of residues, the use of
such techniques in chemical taxonomy (5), detailed analyses of
genealogy of homologous and heterologous proteins (43), etec.
Studles of genealogical relationships of proteins posed
the possibllity that the results might harbor clues of the
origin of the first protein. In perticular, the presence of
disproportionately large ratios of the dicarboxylic amino acids
(as acids plus amides) invited attention. This feature
suggested the possibllity that these contents are an evolution-
ary rceflection of relatively hlgh proportions of these amino
aclds in the first protein and correspondingly, of the
molecular matrix which may have ylelded the first protein (7).
Experiments were accordingly constructed to test the effect of
sufficient proportions of glutamic acid, glutamine, aspartic
acid, and asparagine (17) on the anhydrocopolymerization of
amino acids. VWhen sufficient proportions of these were heated
in dry mixtures of the eighteen amino aclds common to protein,
genuine polyanhydro-a-amino acids resulted (17,18). This
result is in contfast to the long known pyrolytic behavior of
amino acids as depilcted on the left in Fige. 1. Clean polymers
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can be produced by heating dry in the molten state to
temperatures such as 170° C followed by purification of the
products from water through salting out with ammonium sulfate
(right side of Fig. 1). The polymer shown on the right in
Fig. 1 can be produced from mirxtures of the eighteen amino
aclds common to proteln; the polymers contain some of each of
the eighteen, plus amide groups. The polymerization under
these conditions can accomodate more or less than eighteen
types of amino acid. In such heteropolyamino acids, the
proportion of each neutral or basic amino acid can be high
enough that it overlaps the proportion found typlcally in
proteins (24).

Although the proportion of aspartic acid tends to be
considerably above the usual percent found ln protein, fractions
with less than 20% aspartic acid have been isolated (36). For
those polymers having rclatively large proportions of aspartic
acid, the polymer is of course acldic in reaction. These acid

protein-like polymers (acid proteinoids) typically have weights

of many thousands. Thelr properties have been studied
extensively and reported a number of times, In this paper,
the key propertlies which have been compared with those of
protein are collected, with relevant references, in Table I,
In comparing the thermal proteinoids with contemporary
proteins, one should recall that, lnasmuch as no one protein
has all of the pertinent structure and properties usually

imputed to proteins as a class, a comparison with proteinolds



Table I

Properties of Thermal Poly-a-Amino Acids Compared

to Properties of Proteiﬁs

Property
Qualltative composition

Quantiltative composition

Range of molecular welght

Color tests

Solubilities

Inclusion of nonamino acid groups
Optical activity

Salting-1in and salting-out propertiles
Precipltability by protein rcagents
Hypochromlclty

Infrared absorptlion maxima

Recoverabllity of amino aclds on
hydrolysis

Susceptibility to proteolytic cnzymes
Catalytic activity

Inactivatability by hecating in
aqueous solution

“Nonrandom” (nonuniform) sequential
distribution of residucs

Nutritive quality

NMorphogenicity

Reference
17,18,24,33
18,19,29,30,33
18,22
17,18,33
17,18,33
22
22,40
18,22
18,33
Lo
18,22

24

18,33, 34
22,40

Lo

9,10,23
18,35
10
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requires that the latter be scrutinized also as a class., In
the case of each class of polymer, more data are clearly yect
to be accumulated.

Besldes comparlng proteinolds with contemporary protein,
one may attempt also to comparc proteinoids with primitive
organismic protein. Since no sure example of primitive protein
exlsts, this comparison rcquilires an indireet approach. The
approach can conceptually be made through theorctical ldentifi-
cation of the evolutionary pathways leading to and from
prinordial protcin. Difficult as this may be to do with
certainty, interprctablc data arc at hand. Of the nany
laboratory models of the preblological synthesis of anino aclds,
one has been found to producc almost all of thce amino aclids
comnon to protein and no other amino acids. This nodel 1is the
thermal one, which, from a geologlcal perspective, comports
nost easily with a continuunm in which the next cvolutlonary
step of anhydrocopolymerization is also thermal (31).

Propertics of protein that onc would ordlinarily think of,
and which have not yet been showvm to be present in the thermal
poly-a-anino acids, are antigeniclty and hellcity.
Hypochromicity has beecn found, however. Thils hypochromlclty
has been shown to be correlated with thce splitting in water of
gsomewhat unstable aspartinide linkage (40), so the question of
helicity is yet unanswercd. The propertics of antigenicity
and helicity have been shown to be controllably introduced into
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the Leuchs type of poly-c-anino acid (41); attempts to find
these in thermal polymers have been incomplete as yet. Sone
proteins lack thesc propertlies., Accordingly, attenpts to
distinguish blosynthetic protein on Mars fron spontaneously
generated thermal poly- a-anino acids (27) by remote monitoring
of tests could not be based on any qualitatively distinctive
criteria, The sinilaritics of the chemically synthetic and the
blocynthetle polyrnicrs are enphasized by this evaluation in a
context of comparatlive planetology.

Recent data which arc not docunented to the degrec of those
in the table is the finding that thernal proteinolds have weak
but appreciable activity for the breakdown of a natural
substrate, guglucose, to glucuronic acid and that this product
i1s then dccarboxylated (25). These weak activities were
reliably denonstrated with ascptically prepered proteinocid and
U-C-14 glucose. Weak catalytlc activities sufficlent to launch
an evolutionary succession of organlisns is a2ll that would be
needed et first. The evolutionist would anticipate that such
primitive activities would be cenriched by Darwlnian selectlion
to provide the powerful enzymes of contemporary organisns (3).

Another unpublished study reported to the International
Congress of Blochemistry in 1964 (36) included the report
that a crude protecinoid can be fractionated on columns to
yield nany fractions cach of which contain all of the amino
acids common both to protein and to the unfractionated proteinold.
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The geologlcal locales in which the anhydropolymerization
of %"spontancous” anino acids could occur have been discussecd
(8,12). The ways in which thec anino acids themseclves night
arise geologically have been revicwed (11). A salient feature
of the experiments suggesting the origin of anino acids is the
frequency and extent to which the key aspartic acid appears
anong the rcaction products (27).

The property listed last in Table I is that of morpho=-
geniclity. The sclf-organizing properties of macromolecules
have becen invoked in a biological context (28). Wald has in
particular suggested that these may have been crucial in the
energence of the first cell (44), Also renarkable was the
foresight of C. R. Darwin who stated in 1871,

"It is often sald that all the conditions for

the first production of a llving organisn arc

now prescent, which could cver have becn

present. But if (and oh! what a big ifl) we
could conceive in sone warn little pond, with

all sorts of armonia and phosphoric salts,

light, heat, elcctricity & C precsent, that a
proteine compound was chemlcally forned ready

to undergo still morc complex changes . « « ° (10)

Darwin'®s renarkable insight is borne out by the nodel 1if
one defer the pond until the "proteine conpound® is formed in
an anhydrous or hypohydrous environment. By intrusion of water
into the hot nizxture of anhydropolynerized anino aclds, vast
nunbers of nicroscopic units having nany of the properties of

cells are formed (14)., These properties cannot be adequately
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evaluated without review of the visible consequences of these
and other sinple experinents. Such pictures are now in the
literature. Two exarples will be presented here. The quilte
fully docunented properties of these units are set forth in
Table II., A study of thesc properties indicates that nstural
experinents could have converted "primordial gases® such as
nethane, armonia, and water to anino acids, amino acids to
early proteiln, and the prinmitive protein to protocells with
which natural experinents could have continued (28).

Two exanples of the kind of self-organizing propensity
in the thernal poly-oa-ariino acids are presented., In Fig. 2
is seen a photonlerograph of proteinoid microspheres in a
suspension in which the pH of 3.0 has becen raised by allowing
a drop of McIlwain buffer of pH 6.5 to diffuse in under the
cover glass of a nicroscope slide. The self-organized
nicrospheres (27) are thus reorganized (28). The relationship
depicted ralses the question of whether the units appearing to
have septa result fron fusion or fission of the sinpler spherical
units. This question has been answercd by nany time-lapse
cinenatographlic studies, The studlies indicate that the process
is fission (28) in these particular experinents.

Another exanple of self-organizing properties is found
in Fig. 3. This photograph shows proteinoid niorospheres

which hove undergone the pH increase of Fig. 2, and have been
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Table II

Propertles of Microparticles Spontaneously Organized

Fron Thernal Poly-o~Anino Acids

Property Reference

Stability (to standing,

centrifugation, sectioning) 20,21
Microscoplc size 10,20,21
Variabllity in shape

Spheres, "buds®, filanents 28
Unifornity of size 21
Nunerousnecss 27
Stainability 26
Producibility as Gran-positive or

Gran-negative particles 26
Solubility parallel to that of bacteria 26
Shrinkabllity in hypertonic solution 21
Swellabllity in hypotonlc solution 21
Simulation of cell division 28
Electron nicrographability 16
Presence of boundary 16
Selectivity of boundary 28
Bilamellarity of boundary : 16

ATP-Splitting activity (by sultable
inclusion of Zn) 13

Structured associations (algal-like) 27
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stailned with osmic acid, sectioned, and electron nicrographed
(16). In the photograph may be seen a double layer (16) such
as had been believed to be unique to 1living cells (38). The
exanples presented illustrate the nmany cell-like properties
found in and docuniented for the proteinoid nicrospheres.

The experiments which serve as a model of evolutionary
processes thus deal with evolutlion to and beyond the first
protein.

Clearly, the proteinoid produced by heating differs fron
protein in at least the fact that the nechanism of its Pro-
duction is thermal. The synthesls of protein biologically
requires, at least at present, ATP-dependent reactions. The
way in which the rore prialtive kind of synthesis nay have
been supplanted by the nore nodern one 1s suggested by the
fact that the known ATP-splitting abllity of Zn salts
(42) can be built into microspheres so that they split ATP at
L0°, BSuch experinents have been performed in our laboratory
by Joseph and Wiggert (13).

The fact that near-protein can be obtained in the
fashlon indicated resolves an old dillemne which has hindered
the developnent of a theory of svontancous generation. The
concepts that a) the production of protcin reguired the cell
and that b) the production of cells required the preexistence
of protein (2,32,37) has been a barrier to a conceptual

cont inmwun.,
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The pathway that has becn suggested by laboratory studies
involves first the production of molecules wvery much like those
of protein, in the geologlcal vessel rather than in a cell.

The sinllarity of such poly-ae-amino acid to protein is nanifest
in nmany characteristics, and especially in the tendency to form
a kind of cell, at least as the cell is nininally defined.

The experiments also denonstrate how such units can be nade

to approach, in steps, the vicble contenporary cell. The

basic dilemma of the evolutlonary pathway to the first

protein, and beyond to a precellular forn, 1s now solved in
princ:i]ole.;3 The sequcnce encrging fron the experinents

poses the possibility that the evolution of gencs and enzynmes
should be exanined in the context of evolving proteins,

cells, and genes,
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Footnotes
Y
Work aided by Grants no. NsG-173-62 and NsG-689 of the

National Aeronautics and Space Adninistration. Contribution
no. 04O of the Institute of Molecular Evolution.

Protein is used instcad of the term proteins to connote
the theoretical concept of a fanily of protein nolecules

related in an evolutionary namner.

Y

A thernal pathway to polynucleotides has been suggested
also [ Schwartz, A., and Fox, S. W., Blochin. ct. Biophys.
Acta, 87, 694 (1964).J



Fig. 1. The effects of heating dry amino acids above the
boiling point of water. On the left - the usual result. On the right -
with sufficient proportions of aspartic acid and of glutanic acid. This
polyner has, in addition, been repurified by salting out the aqueous

solution with ammonium sulfate.




Fig. 2. Proteinoid microspheres in which septate division

has been induced by elevation of pH.




Fig. 3. Bilamellar boundary in electron micrographed section
of osmic acid-stained thermal acid proteinoid microsphere. Marker

indicates 1 micron.



